INTRODUCTION
Atmospheric pressure non-thermal discharges (APNTD) have found many industrial applications [1] , for example, removal of volatile organic compounds (VOCs), polymer surface treatment, vehicle exhaust emission control and ozone generation for purification of water [2] . Starting with germicidal effect demonstrated by Laroussi and co-worker [3] , applications of APNTD in the field of medicine [4] have included promoting blood coagulation, wound healing and inducing apoptosis in cancer cells. The obvious advantage of these APNTD is dispensing with vacuum equipment, hence, reducing cost of production. As APNTD is not at local thermodynamic equilibrium (LTE), temperature of electrons (10 4 -10 5 K) far exceeds the ion and neutral temperatures (400-700 K) while the electron density is in the range 10 9 -10 15 cm -3 (depending on plasma source -corona, dielectric barrier, plasma jet; operating power and electrical excitation scheme) [1] . Most APNTD are generated from electrical energy, whereby the mobile electrons in the gas gain this energy and transmit it to neutral species through collisions, generating more electrons and ions, reactive species (e.g. NO, O 3 , OH, O, N in air discharge), UV radiation and metastables. These products/species as well as the electrostatic field play synergistic role in affecting samples that come into direct or indirect contact with the discharge.
Discharges created at atmospheric pressure have a tendency to arc discharge formation, creating a column of high current density at LTE. This thermal nature is detrimental when applied to heat-sensitive samples, e.g. biological cells and polymer films. To avoid this, the simplest method is to insert at least one layer of dielectric material (high dielectric strength) to cover one or both the electrodes, i.e. a dielectric barrier discharge (DBD) configuration [5] . The dielectric barrier (serves as a ballast) limits the average current density in the gas gap and in principle does not consume energy. DBD requires alternating voltages for its operation, and is usually operated from line frequency to 10 MHz. When the applied voltage is sufficiently high (rule of the thumb, 3kV/mm in air-gap), breakdown occurs. The dielectric layer causes charges to be accumulated on its surface as the charges move across the gap in 'streamer' formation (or filamentary mode). This distorts the localized electric field causing the streamers to quench before they can attain arc formation.
As it is easy to construct with no arc formation, the DBD configuration was preferred. Two configurations were constructed: a parallel plate arrangement for sterilization application while a coaxial setup with gas flow to extrude a jet outside the applied electric field was used for polymer surface modification. The DBD was characterized by its electrical and optical emission properties. Viability of bacteria after plasma treatment was assessed to evaluate its effectiveness in inactivating Gram-positive and Gram-negative bacteria whilst the surface modification was evaluated via contact angle measurement. Possible processes of bacterial inactivation and surface modification are discussed.
EXPERIMENTAL SETUP AND DIAGNOSTICS
Schematic diagrams of both the DBD arrangements are shown in Fig.1 . For the parallel plate arrangement, the copper disc is 38 mm in diameter, the glass dielectric layer is 2 mm thick and the air-gap is 1.5 mm wide. For the DBD jet, the grounded copper plate (0.5 mm thick) has a nozzle of diameter 1 mm from which the jet is extruded with gas flow. The powered electrode is hemispherical, insulated by a borosilicate glass test tube of outer diameter 12 mm and wall thickness 1 mm. The space between the end of the glass tube and nozzle is approximately 0.5 mm.
FIGURE 1.
(a) Parallel-plate DBD, and (b) DBD jet with gas flow [6] .
The DBD is powered by a MOSFET driven auto ignition coil capable of delivering A.C. sinusoidal voltages up to 21 kVp-p at resonant frequencies 8-9 kHz depending on DBD configuration and operating condition. Current and voltage signals were measured using Pearson Current Transformer 4100 and Tektronix P6015A (75 MHz, 1000 attenuation) high voltage probe respectively, and recorded by Tektronix TDS 2024B 200MHz oscilloscope. Typical discharge current and voltage waveforms (averaging over 16 scans displays the capacitive current component clearly but significantly reduces the height of the current spikes that can reach up to a few hundred mA) are shown in Fig.2 for the parallel-plate DBD. Similar signals were also obtained for the DBD jet configuration [6] . All the discharges were in filamentary mode as evident from the multiple current spikes per half cycle. A summary of the electrical characteristics for the discharges is given in Table 1 . Fig.3 . Optical emission spectra were obtained by UV-VIS Ocean Optics HR4000 (optical resolution 0.5 nm and range 200-660 nm) and VIS-NIR AvaSpec3648 (optical resolution 0.3 nm and range 500-1000 nm) spectrometers. The emission spectra are shown in Fig.4 and the identified emission lines/bands are listed in Table 2 . Presence of reactive N and O species were observed. Ozone was also produced evident from its distinctive smell.
FIGURE 3.
Images of the discharge in (a) parallel-plate DBD [7] and (b) DBD jet in nitrogen gas flow at 6 l/min. 
APPLICATION TO STERILIZATION
The parallel-plate DBD in air at 15 kVpp, 8.5 kHz was applied to Gram-negative bacteria (Escherichia coli ATCC25922 and Salmonella enteritidis) and Gram-positive bacteria (Bacillus cereus). All three bacterial species are rod shaped bacteria. These bacteria were chosen as they are the common causes of foodborne infection in Malaysia. The bacterial pure culture was first prepared followed by serial dilution to a level whereby accurate counting of colony forming units (cfu) could be performed. The standard practice is to limit to 300 bacterial cfu per petri dish. 50 l of bacterial suspension of selected dilution power was placed on the dielectric glass plate which was then exposed to the discharge for pre-determined time duration of 5 s to 4 min. Another similar sample that was not subjected to plasma treatment served as a control. Treated and untreated (control sample) bacteria suspension were then separately washed down with 100 l of saline solution and smeared evenly over different agar plates to be incubated at 37C for 24 hours. The cfu were enumerated on both plates. The results are shown in Table 3 . 'D-value' is the time taken for 1 log reduction. 'IF' is the inactivation factor given as [1cfu(treated)/cfu(control)]100%. Salmonella enteritidis took the shortest time to be completely inactivated, followed by E. coli while the Grampositive Bacillus cereus with thicker cell wall took the longest time. Multiple factors contribute synergistically to the inactivation of bacteria after plasma treatment [11, 12] . These possible inactivation agents include (a) heat, (b) UV radiation, (c) reactive neutral species and (d) charged particles.
Evaluation of Possible Inactivation Process
Heat has been known to be lethal to bacteria and it is a common sterilization method. In the autoclave, heating is conducted at 121 C at pressure of 15 psi. In a similar arrangement using aluminum plates covered by 1 mm thick alumina [12] , the gas temperature was estimated to rise up to 62 C at very low flow of 0.5 l/min at power of 10 W, while the temperature of the biological sample was raised by 24 C at 6 W. Comparing these to the present DBD in static air at 8 W and as the treatment time was short ( 1 min), it is deduced that heating effect has minimal contribution to the inactivation process.
UV irradiation causes lethal damage to genetic material of the bacteria. However, the known spectral range whereby this is most effective is 250-280 nm. Since the emission spectrum obtained did not exhibit any emission bands in this range, it is concluded that UV radiation plays minor role [13] .
From the emission spectra, atomic oxygen line at 777.5 nm was detected. Reactive oxygen species can result in etching process causing erosion of the bacteria. The oxygenated species can diffuse through the cell wall leading to oxidation damage [11] . This inactivation process is deduced to play major role.
The bacteria were placed within the active discharge in the electric field of 5 kV/mm (or 5 V/m) between the electrodes. They were also constantly bombarded by the filamentary discharge numbering 10030 mm 2 s 1 . The Gram-negative bacteria cell wall layer is about 5 to 10 nm thick whereas that of Gram-positive type is much thicker having higher tensile strength and rigidity. In addition to that, the surface of the cell wall of Gram-negative bacteria is rough and convoluted [14, 15] . These irregularities form regions of higher local curvature. Under electrostatic stress, structural disruption is easier leading to cell lysis. This has been shown by Laroussi and coworkers [14] whereby SEM micrograph showed gross morphological damage to the E. coli whereas the Gram-positive Bacillus subtilis cells displayed no apparent morphological change after plasma treatment. This electrophysical process is highly likely for the inactivation of the Gram-negative bacteria leading to shorter inactivation time.
APPLICATION TO SURFACE MODIFICATION
The DBD jet with nitrogen gas flow was applied to modify the surface energy of Polyethylene Terephthalate (PET, tradename: Mylar) film which is widely used in packaging as it has good thermal resistance and high strength to weight ratio [16] . However, PET surface is usually difficult to wet and has poor adhesion due to low surface energy and weak chemical reactivity [17] . In this treatment, PET films of thickness 0.135 mm and size 2 cm  1 cm were pre-cleaned with ethanol. The film was placed 1 mm from the nozzle with its surface perpendicular to the DBD jet stream. The treatment duration was varied from 15 s to 2 min. The wetting ability was assessed via contact angle measurement. Fig.5(a) depicts the change of contact angle to treatment duration. Contact angle reduced by 50% after 15 s of treatment, after which it remained almost constant up to 2 min. Reduction in contact angle means increased surface wettability and adhesion is improved or printability is enhanced.
There are two possible processes that can affect the surface energy [18] :  chemical process through surface oxidation whereby oxygen containing functional groups (OC=O and CO groups) at the PET surface may be formed,  physical process through sputtering of surface by energetic N atoms whereby surface roughness is changed. Radicals O and N produced in N 2 DBD jet have strong influence in the surface activation of the PET films. These radicals in addition to reactive species such as photons, electrons and metastables are able to break the C-C and C-H bonds of the polymer to create polymer radicals [19] . These polymer radicals can recombine with each other leading to cross-linking or react with active radicals in the jet stream and oxygen molecules in ambient air, hence, introducing new oxygen or nitrogen containing functional groups on the polymer surface [20] . As a result, surface energy was increased changing from hydrophobic to hydrophilic in nature. During the monitoring of ageing effect, the treated PET film was stored in a Petri dish with cover at room temperature. At pre-determined intervals, the contact angle of a 2 l drop of deionized water on the treated films was measured. The hydrophilic nature reverted back to hydrophobicity within 1 hour after treatment as shown by the increase in contact angle with time in Fig.5(b) . Hydrophobic recovery occurred as the polar functional groups did not remain on the treated surfaces but migrated to the polymer bulk by rotational and translational motions. Hydrophilicity was lost as the treated surface is replaced by non-polar groups [21] . After 50 days, the treated PET films did not recover back to its original state before treatment as the surface reorientation was incomplete. Some of the polar functional groups attached to immobile chain segments on the surface could prevent them from migrating to the polymer bulk [22] . It is unlikely that the polymer surface roughness was increased as hydrophobic recovery was rather rapid. Besides that, Geyter et al. [18] have shown increase in surface roughness to be minimal using direct plasma treatment of PET surface in a gas gap of 2 mm. In the present case of DBD jet, the afterglow was used.
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